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Abstract

0 197

Breakup processes in 220- and 341-MeV 2 Ne + Au reactions were
studied by performing coincidence measurements of the secondary fragments.
Projectile-like fragments and light charged particles corresponding to
primary stripping, pickup, and inelastié channels were examined. The
projectile-like fragments were detected near the classical grazing angle.
Kinematic reconstructions of the three-body final states were used to
deduce the excitations in the primary projectile-like and tafget—like
fragments. At both bombarding energies, the stripping channels produced
relatively cold ejectiles, with the excitation residing mostly in the
target recoil. However, the pickup channels tended to leave the target
cold, while populating higher excitations in the ejectile. The data are
consistent with nucleon transfer as the dominant mode for generating
excitation, with the partition of excitation energy between the fragments
governed by the direction of the transfer. An exﬁended version of the
optimum-Q-value model of Siemens et al. predicts target-like excitations in
good agréement with data at 11 MeV/nucleon, but with deviations occurring

at 17 MeV/nucleon.

PACS: 25.70.Cd



I. Introduction

The phenomenon of projectile breakup has been studied extensively
in recent years. Initially, particle-inclusive measurements were used to
in?estigate transfer processes by assgming that breakup was unimportant at
energies below 20 MeV/nucleon, even though earlier measurements [1] had
noted large yields of beam-like protons and alpha particles. Subsequent
two-particle correlation work has revealed that, in the energy range 10-20
MeV/nucleon, sequential decay of an excited projectile-like fragmenﬁ is an
important mechanism for producing these fast light particles [2-8], and may
strongly influence the inclusive yield.

An earlier work [9] reported on the relative importance of

97Au at

transfer and breakup in quasi-elastic reactions of 20Ne o 1
bombarding energies of 220 and 341 MeV. A 47 detector, the plastic box,
registered the number of light charged particles emitted in coincidence
with projectile-like fragments. The charged-particle multiplicity was
found té be low (0 or 1), and was used as an indicator of the excitation
energy produced in the primary projectile-like fragments.

This experiment provided an overview of the transfer and breakup
processes in the range 10-20 MeV/nucleon, and also demonstrated the need
for obtaining more information on the coincident light particles. Since
the light particles are emitted predominantly in the ejectile direction, a
47 geometry is not essential. Therefore, a more detailed study of the
energy and angular correlations could be undertaken while surrendering
complete solid-angle coverage. In the present ;ork, a lﬁrge—solid—angle
position-sensitive plastic phoswich array [10,11] is used for observing the
light fragments emitted in the breakup of the primary fragments. With such

an experimental setup, we have been able to obtain information on the



multiplicity and charge (Z=1,2) of the fragmentsvaccompanying a projectile-
like fragment. The energ& and position information hﬁs enablea the
determinatioﬁ of the relative velocity between detécted projectile-like and
light fragments. This, in turn, is used to deduce, from ﬁwo- and three-
body kinematics, the excitation energy in the primary projectile-like and
target-like nuclei. The channels we will consider in this paper are the
few-nucleon stripping and pickup channels, as well as inelastic scattering
of the projectile. Some aspects of this work ha?e been discussed
previously in Ref. 12.

In Sect. II, the experimental setup is described, with particular
emphasis on the properties of the phoswich array. The coincidence data are
presented in Sect. IIT and include the multiplicities and angular
distributions of the associated protons and alpha particles. The

reconstruction of the primary fragment yields from the two- and three-body

data, and the relative importance of three-body channels, are considered in -

Sect. IV. In Sect. V, the kinematic reconstructions are discussed, and the
reconstructed fragment excitations are presenﬁed. A general discussion of
breakup probabilities and excitation-energy generation and partition is
resgrved for Sect. VI, with comparisons between experimental :esults and
calculations based on optimum §-values. A summary and conclﬁsions are

presented in Sect. VII.

II. Experimental Setup

In order to obtain particle identification as well as position and
energy information for the protons and alpha particles, we have used a

large-solid-angle position-sensitive plastic phoswich array [10,11].



The array is made up of eight segments. Each segment is 20-cm
long and 2.5-cm wide, and consists of 0.5-mm-thick NE-102 and 4.5-mm-thick
NE-115 plastic scintillators. The detection and identification is |
accomplished by ﬁsing the phoswich teéhnique, whereby scintillators of
éifferent decay times are viewed by a single photomultiplier tube. The
detector array is described in detail in Refs. 10 and 11. Corresponding to
the thickness of the AE layer, the low-energy thresholds were 6 ﬁeV for |
protons and 24 MeV for alpha particles.

The complete phoswich afray; consisting of eight Segments, forms a
20 x 20 cm2 detection area. The segmentation provides position information
in the other dimension as well as a multiple-hit capability. Thus, the
affay,enables the determination of the charge, energy, two-dimensional
position, and multiplicity of the charged particles over a large area.

The deployment of the array is indicated in Fig. 1, which shows
the experimental configuration used in the work at 11 MeV/nucleon. A
three-element silicon telescope, with detector thicknessesvof 75, 75, and
1000 ym, was used to detect beam-like fragments emitted at 280, which is
slightly forward of the classical grazing angle at 32° (rC = 1.4 fm). The
middle of the phoswich array was colinear with the target and telescope,
and positioned 25 cm from the former. It thus covered an in-plane angular
range of 6 ; 50°. Such a large solid angle made it possible to use the
array as a "4n" device to veto breakup (by requiring'that no light
fragments be observed), as well as a highly efficient detector for studying
breakup. A second telescope was positioned on the opposite side of the
beam, symmetric to the first. The same-side telescope was mounted in such

a way as to minimize shadowing of the array, thus maximizing the array’s



efficiency as well as allowing the study of coincident events with small
relative kinetic energies.

At the higher bombarding energy of 17 MeV/nucleon, the phoswich
array covered the same angular region but the heavy-ion telescopés were
positioned at = 16°, slightly forward of the classical grazing angle at 17
MeV/nucleon (18°, o =1.4 fm). .The position of the phoswich enabled us to
examine coincident light charged particles emitted in the region -50° to

+50°

, with a "hole" of £6° about the beam. Since, at 341 MeV, a
significant portion of the coincident alpha yield is lost, the array is no
longer an efficient veto of breakup. Because of this, an analysis of the

coincident yields at the higher bombarding energy is more dependent on

simulations.

The 220- and 341-MeV 20Ne beams were provided by the 88-Inch

20

Cyclotron of the Lawrence Berkeley Laboratory. Large yields of Ne6+ and

2oNe7+ were produced by the ECR ion source, with the result that the

experiments were typically limited by the count rate in the phoswich array.

ITI. Experimental Results

III. A. 220 MeV

The inclusive yield of projectile-like fragments of Z=3-10 is
dominated by nuclei with beam-like velocities. This is also true of those
ejectiles in coincidence with protons and alpha particles. The
multiplicity, M, of light charged particles, as a function of the charge of
the detected (secondary) ejectile is shown in Fig. 2. The inclusive yield
of projectile-like fragments is dominated by M=0 events, i.e., those with
no additional light charged particles. The coincidence yield, in turn, is

dominated by alpha emission for secondary fragments with Z=3-8, and by



protons for fluorine ions (see Table 1). The relative yield of M=2 events
is very small, with the largest case being 120, where 2a coincidences made
up ~ 5% of the total coincidences.

The distribution of coincident light fragments among the.eight
segments of the phoswich array provides a crude angular distribution. Such
a distribution is shown in Fig. 3, for alpha particles in coinéidence with
projectile-like nuclei of Z=5-8, detected in the same-side telescope at

o

28°. (Coincidences between phoswich array and opposite-side telescope were
far weaker.) In each of the four distfibutions shown, the yield exhibits a
relative minimum for the middle segments, #’s 4 and 5. Since the heavy-ion
telescope is positioned between those two segments, part of this depletion
is the result of shadowing by the detector and its housing. However, this
is a relatively small effect, as will become apparent in Sect. V (where the
relative-energy constructions are presented). In fact, most of this drop
in yield reflects the angular distribution of breakup alpha particles in
the rest frame of the associated parent nucleus. The drop in coincident
yield for the outer-most segments represents the finite opening angle of
the breakup “ﬁone". Finally, the distribution of alpha particles in the
eight segments is asymmetric about the middle (telescope) position,
becoming progressively more asymmetric for lighter ejectiles.

The above features are understandable in terms of the kinematics
of sequential decay if the angular distributions of the primary fragments
are taken into account. A previous study of heavy-ion/alpha angular
. correlations [3] showed how a strongly forward-peaked primary angular
distribution gives rise to an enhancement of coincident alpha particles at
angles forward of the detected heavy ion. Since the angular distributions

of lighter ejectiles peak at progressively smaller angles, this gives rise



to the asymmétry in the coincident alpha yield. [The relativély small
asymmetry observed for the alpha particles in coincidence with oxygen,
however, is consistent ﬁith the.nearly symmetric angular distribution of
p:iﬁary inelastically-scattered neon about 28°. (The primary neon
distribution is assumed to be similar to the inclusive distributions.)]

The above considerations demonstrate the consistency of the
experimental results with a éequential process. An analysis of the kinetic
energies of heavy ion and light fragment will be needed to make stronger
statements. However, the distributions in Fig. 3 can, at the very least,
be used to demonstrate that the phoswich array is detecting almost all of
the alpha particles emitted in coincidence with projectile-like fragments
at 11 MeV/nucleon. This high efficiency means that the observation of an
ejectile with no accompanying light charged fragment implies that the heavy
ion was produced in a charged-particle-bound state. The M=0 portion of the
yields in Fig. 2 represents this yield of fragments produced below their
charged-particle decay thresholds. The ratios of the M=0 and inclusive
yields observed in the present work are listed in Table 2, along with the
corresponding ratios taken from the earlier measurements done with the
plastic box. For the heaviest frégments, the two sets of data are iq good
agreement, even though the angle of the detected projectile-like fragment
was different (28° vs. 15,200) in the two cases. The ratios for 7Z=3-6 are

larger in the present work than those observed earlier at smaller angles.

ITII.B. 341 MeV
At the higher bombarding energy, the efficiency for detecting - .
coincident protons and alpha particles is much less than 100%. Unlike the

situation at 220 MeV, those ejectiles scattered to the gfazing angle have



coincident alpha particles in the vicinity of the beam. Thus, the‘minimum
phoswich angle of ~ 6° results in a large loss of efficiency. This is
illustratéd in Fig. 4 by the distributions of coincident alpha particles in
the phoswich elements for the cqnfiguration with the heavy-ion telescope
positioned betwéen segments 2 and 3; Coincidences between heavy ions in
the opposite—side telescope and alpha particles in the phoswich array are
here displayed as a coincidence between the same-side telescope and a
"virtual® phoswich on the opposite side of the beam.

It is clear that thé combination of real and virtual light-
particle detectors covers only a fraction of the total coincident yield.
In fact, the coincident alpha yield appears to peak in the uncovered
"region. This has two consequences: 1) The total breakup yield can only be
estimated, and requires an assumption about the distribution of alpha
partiéles in the uncovered region ;60 < 6 < +6°. 2) The array can no
longer be used as an event-by-event veto of breakup. Thus, the
determination of the charged-particle-bound-state yield performed at 220
MeV cannot be done at 341 MeV. |

Attempts were made to estimate the total breakup cross éections by
means of a simulation of sequential decay. The rélatively-strong yield of
opposite-side alpha particles in the virtual array could only be reproduced
by employing a primary angular distribuﬁion that was very strongly forward
peaked. It further required that the excitation of the primary fragments
be, on average, higher at the more forward angles. However, the simulated
yield in the uncovered region near the beam was found to be extremely
sensitive to these input distributions, and so a reliable estimate of the
missing coincidences could not be made. Although the assumptions made in

the simulation regarding primary distributions at 341 MeV are consistent
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with results obtained at 220 MeV,‘the enhancement.in'opposite—side yield
might also Be due to non-sequential processes (as will be discussed in the
next section on yield reconstructions).

The relative abundance of protons and alpha particles in the
region covered by the phoswich arrays still provides much information, in
particular about the distribution of excitation energy in the primary
projectile-like fragments. Table 1 compares the ratio of the alpha-to-
proton yields at 220 and 341 MeV, observed in coincidence with various
fragments. The alpha-particle yields dominate the proton yields for all
ejectiles except fluorine. This is connected with the low séparation
energies for alpha-particle emission in most of the primary nuclei produced
in these reactions. Generally, the proton threshold lies above the alpha
threshold. (In the case of the fluorine channel, the very small cross
section for the pickup of a proton by the projectile results in almost no
fluorine-alpha coincidences.) At 341 MeV, the relative importance of
proton emission has increased such that the alpha-to-proton ratios have
decreased from typically 10-20 to 2-4. This indicates that the population
distribution of excitation energy in the primary ejectiles has moved upward
with increasing bombarding energy, and is in agreement with conclusions
obtained from measurements [9] of transfer and breakup cross sections made

with the plastic box.

IV. Yield Reconstructions

The measured coincidence yields correspond to the fraction of the
primary yield that decayed via proton or alpha-particle emission. The
primary yield is obtained by adding to the coincidence yield the bound

(i.e., M=0) yield for the same parent nucleus. The ratio of the bound
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yield to the primary yield is called the charged-particle survival fraction

of a primary fragment, and represents the probability that the ejectile in
a particular primary channel was produced in a state of excitation below
its lowest charged-particle decay threshéld.

| The survival fractions obtained at 220 MeV bombarding energy and
at the fragment laboratory scattering angle of 28° are shown in Fig. 5.
The survival fractions have been summed over isotope in order to compare
with results obtained at 15 and 20° from the plastic box experiment [9].
In general, there is qualitative agreement among the three sets of data.
However, there is an apparent trend for the survival fraction to increase
with increasing angle of the secondary fragment. (The detection efficiency
at 220 MeV was nearly 100%, as was shown in Fig. 3, and thus the change of
survival fraction with angle is not due to the smaller solid angle in the
present experiment.)

The above results suggest that the excited fragments emitted at
angles forward of the grazing angle are, on the average, more highly
excited than those scattered to near-grazing angles. This observation is
consistent with a process whereby the more inelastic collisions result in
scattering to smaller, and then negative, angles under the influence of the
nuclear force. In an earlier study at 341 MeV [9], it was observed that
the energy spectra of projectile-like fragments emitted forward of the
grazing angle had prominent low-energy tails, in contrast to the more-
nearly gaussian distributions at the grazing angle. This suggested the
presence of deep inelastic processés at very forward angles; the present
work supports this suggestion.

It was pointed out in the previbus section that simulations of

sequential decay at 341 MeV were able to reproduce the observed
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alpha/heavy-ion angular correlations (Fig. 4), but only by assuming a
sﬁrong correlation between primary angle and excitation. In generai, the
inclusion of forward-peaked distributions with higher excitation at the
more forward primary angles would tend to produce forward-angle
enhancements of alpha particles in coincidence with a heavy-ion telescope
fixed at, e.g., the grazing angle. This is thus an important effect to
consider in analyzing measured alpha/heavy-ion correlations, either to
demonstrate the consistency of the results with sequential decay [2,3,8] or
to try to establish an inconsistency [13].

The Qharged—particle survival fractions in Fig. 5 refer to a
specific laboratory scattering angle for the bound fragment and to a range
of primary scattering angles that produce secondary fragments at the

indicated laboratory angle. Nevertheless, these differential survival

fractions are a useful indicator of the relative Breakup probabilities that
would be obtained after an integration'ovér scattering angle. Similarly,
the charged-particle survival fraction will be a good apprbximation to the-
overall survival fraction (i.e., the probability that a primary fragment
survives neutron emission as well as charged-particle emission) for those
nuclei that have high neutron thresholds. For ejectiles with low neutron
thresholds, the overall survival fraction will be less than the charged-
particle survival fraction. In these cases, neutron emission must be taken

into account.

V. Kinematic Reconstructions

V.A. The method
The survival fractions discussed in the previous section provide

qualitative information on the excitation produced in primary fragments.
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We have also ferfdrmed [12] a more detailed set of analyses via kinematic
‘recon#tructibns of the coincidence data [see, e.g., Ref. 14], with
attention given to the individual isotopes.

We consider the following process: In the sequential decay of an
excited primary (projectile-like) fragment (PF), the excitation is removed
(in all or part) by the emission of a photon or, if above threshold, by a
particle (typically neutron, proton, or alpha). In the latter case, the
sécondary projectile-like fragment (PLF) and emitted light fragment (LF)
emerge with a relative velocity characterizing the decay. The excitation
in the PF and PLF are related by

Ex(PF) = Ex(PLF) + Erel +S,

" where Erel is the relative kinetic energy of the PLF and LF, and S is the
assoqiated separation energy. For particle decay to the ground state of
the PLF, the excitation-energy distribution in the primary ejectile is then
complétely determined by %he energies and positions of the detected
secondary fragments. _

The detection of thevPLF and LF leaves only the target-like
fragment (TLF) undetected. By employing conservation of energy:

Torr * Tor * Tor * % = Thean

and conservation of linear momentum:

Porp * PLr * Prop

it is possible to calculate the kinetic energy of the unobserved target

+ P =P

beam

recoil and, thus, the three-body Q-value, Q,. Finally, the excitation in
‘ 3 ‘

the TLF is calculated from the relation

Ex(TLF) = Qggg - Q3 ’
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where qggg is the ground—sﬁate Q-value calculated from the difference
between the entrance- and exit-channel masses of the nuclei in their ground
stétés.

The above prescription means that, from event-by-event coincidénce
data, it is possiblé to construct the excitétiéns in the two primary
fragments by studying the decay of one of these two nuclei. The
reconstruction of the PF excitation makes the assumpﬁion: (1) the emitted
LF resulted from the sequential decay of the PF. Both PF and TLF
excitation reconstructions also assume: (2) the secondary fragments that
are detected (i.e., PLF and LF) were produced in their respective ground
states, and (3) the only additional (undetected) particles are the TLF and
its decay products. The validity of these assumptions can be tested from
the reconstructed data.

Assumption (1) has been borne out by many studies in this energy
regime [2-8]. The dominance of sequential breakup (as compared to a prompt
mechanism) can also be seen in the present set of data by examining the
position and energy correlations of the coincident f;agments. The two-
dimensional distribution (x-y) of alpha particles in the phoswich array is

shown in Fig. 6 for those alpha particles detected in coincidence with 16

0
ejectiles produced in the reaction at 220 MeV. (The horizontal-position
information is limited to knowing which segment detected the alpha
particle, but in Fig. 6 this discrete information is randomized across the
width of the segment.) As can be seen, there is an enhancement of yield in
close proximity to the position of the trigger telescope.

More information can be obtained by plotting the energy-position

distribution of the alpha particles in each segment. This is shown in Fig.

7 as a plot of the laboratory kinetic energy vs. vertical position of the
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coincident alpha particles for each of the eight phoswich segments. There
is an obvious correlation in these plots which can be identified as arising
from sequential decay of an excited 20Ne projectile.i

The kinematics associated with breakup reactions is illustrated by
the schematic diagram in Fig. 8. In this example, the sphere is generated
by a single value of the relative kinetic energy. For the segments closest
to the heavy-ion telescope, the energy of the detected alpha particle will
‘depend strongly on position. The alpha particles in thé middle of the
segment (and thus closest to the telescope) correspond to breakup reactibné
in which the secondary fragments are colinear with the primary fragment
momentum. Therefore, the alpha energies will be double valued, and the
energy will depend on whether the emission was parallel or anti-parallel to
the primary trajectory. The alpha particles closer to the edges of
segments 4 and 5, on the other hand, correspond to breakup perpendicular to
the primary momentum vector, resulting in energies that aré beam-like (for
both aipha and PLF). The kinematics of the breakup process will thus give
rise to a ring-like structure. The two rings in segments 4 and 5 of Fig. 7
represent the population and decay of several states in primary 20Ne. The
inner ring corresponds to decay from states at 5.6 and 5.8 MeV. The outer
ring is built up from a cluster of states around 7 MeV. (The energy and
position resolution of the phoswich array does not permit resolution of
these individual states.)

In contrast, the energies of the particles observed in segments 3
and 6 are more characteristic of the beam velocity, and they are
concentrated towards the center of the segments. This is even more

apparent in segments 2 and 7. For these segments, the coincidences arise
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from the perpendicular (rather than colinear) breakup configuration. This
corresponds to sampling the‘side caps of the breakup sphefe. |

Segments 4 and 5 of Fig. 7 also show a depletion of yield for
alpha particles detected in the middle of the segment. There is, of

'course, some shadowing of the center of the inner-most segments by the.
heavy-ion telescope. However, as can be seen in this representation, this
loss constitutes a small fraction of the breakup yield in those segments.
Thus, the local minima in yield observed for segments 4 and 5 in Fig. 3 is
probably due to kinematics rather than detector efficiency: a
concentration of alpha emission in the reaction plane due to transferred
angular momentum would tend to produce a dip for the segments closest to
the defected heavy ion. (Such a kinematical effect has been observed in
simulations of sequential breakup.)

At the higher bombarding energy of 341 MeV, the individual
laboratory kinetic energies of coincident alpha particles and 160 ejectiles
[Fig. 9] are peaked at the beam velocity. Rather than plot the energy vs.
position of the coincident alpha particle, it is uéeful to construct the
relative-velocity vector since this preserves the correlation information
even when the primafy fragment has a distribution of velocities.} This
relative-velocity vector is represented in Fig. 10 as a decomposition into
components perpendicular to and parallel to segment 2, for those alpha
particles detected in segment 2. (Note that at 341 MeV, the heavy-ion
telescope was positioned between segments 2 and 3.) This "slice" through
the middle of the breakup sphere shows essentially the same features seen
in Fig. 7, i.e., rings associated with states in primary 20Ne. Once again,

we have a yield dominated by a sequential mechanism.
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In addition to inelasti§ breakup of the projéctile, such
correlations are also observed (at both 220 and 341 MeV) for coincident
‘data corresponding to primary transfer prbcesses, and thus assumption (1)
v [sequential decay of the PF] is a proper one in the kinematic
reconstruction. Assumptions (2) [secondary fragments in ground states] and
(3) [no undetected fragments] will be shown to be approximately valid in
the next section on reconstructed PF excitations.

The use of a large-solid-angle array for the detection of light
charged particles also enables the study of relatively weak exit channels.
This is illustrated in Fig. 11, which shows the energy spectra of 20Ne in
coincidence with protons. The large elastic peak corresponds to random
coincidences. However, the structure at lower energies arises from true
20Ne + p coincidences, and thus corresponds to the decay of 21Na following

one-proton pickup.

V.B. Reconstructed PF excitations at 220 MeV

| A spectrum of relative kinetic energy is shown in Fig. 12 for the
120 + a channel (primary 160). The shifting of the energy axis by the
appropriate separation energy will, subject to assumptions about the decay
process, yield a spectrum of excitation in the primary ejectile. Many of
the features of this spectrum are common to the other reconstructed
channels and, thus, bear comment. The spectral distribution is identically'
zero for energies below the alpha threshold at 7.16 MeV. The excitation
distribution then quickly climbs, peaking at ~ 94 MeV, and then drops
exponentially.

16

These features are strongly influenced by the structure of

0,
since the first alpha-decaying state is the 1 at 9.63 MeV (i.e., 2.47 MeV
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above the threshold for decay). . This state coincides with the position of
the peak in the reconstructed spectrum. For a sequehtial process, the
region betweeﬁ threshold and 9.63 MeV is forbidden. (The 8.87-MeV 2 state
has'a negligible branching ratio for alpha decay.) The tail of the
distribution that occupies this region thus represents the resolution of
the reconstruction technique, with the main contributions coming from the
energf and position resolutions of the phoswich array. The exponenﬁial
reduction in population at higher excitations indicates that the intrinsic
distribution of excitations in primary 160 is peaked at some value below
threshold.

The primary 160 channel can now be used to test the two remaining
assumptions in the kinematic reconstructions. The exponential drop in
excitation above the first alpha-decaying state means that there is

relatively little feeding of the 4.4-MeV first excited state in the 12

C
PLF, since such feeding must come from primary excitations in excess of
11.6 MeV. Thus, assumption (2) [both detected fragments in ground states]
is usually satisfied in this case, and, in general, is true for the
stripping products.

The third assumption of the reconstruction is that the decay of
the primary fragment produces only two bodies. Since the phoswich array
has a high efficiency for detecting coincident light charged fragments, and
since the yield of M=2 events was negligible, any additional undetected

fragment must be a neutron. For the specific case of the 12

C + a channel,
this would correspond to the decay of primary 170, via an (or na) emission.
This primary fragment (170) can be studied via 135 a

coincidences,.and this excitation spectrum is plotted in Fig. 13. The

reconstructed distribution has almost no yield above 14 MeV. Since the
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branching ratio for alpha decay to the ground state is still significant at
this excitation, this shows that such large excitations in primary 170 are
very weakiy populated. Therefore, the emission of #n alpha particle and
neutron (for which 14 MeV is the effective threshold) is not significant.
In this case, which is typical for this bombarding energy, the application
of three-body kinematics [assumption (3)] to the charged-particle
coincidence data is valid.

Due to the low neutron-decay threshold in 17

0, there exists a
region of primary excitation from 4.1 to 6.4 MeV in which neutron decay is
the only particle-emission channel. The spectrum for primary 170 (Fig. 13)
does not contain this important neutron channel. This band of excitation
is of unknown strength, and will contribute to the apparent yield of M=0
160. This would thus constitute a contribution to the two-body events by
three-body processes, and would modify the apparent charged-particle
survival fractions. Because of the large primary 160 cross section, such a
"contamination™ is not very important, though this may not be true for all
primary ejectiles.

By comparison, the contamination of the three-body data by four-
body processes is much weaker (as deduced by three-body reconstructions and
charged-particle multiplicities), indicating the utility of using the
coincidence data for examining primary excitations in this energy regime.

The a-particle coincidence data were used to reconstruct the
excitations in eight primary ejectiles (shown in Fig. 14). In Figs. 12,
13, and 14 the yield of particle-bound primary ejectiles (corresponding to
M=0 events) is represented by the hatched regions below the alpha

threshold. For all channels, the bound-state (two-body) yields are larger

than the alpha-decay yields. This result is consistent with primary
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ejectiles being produced, on average, at below-threshold excitations.

However, the channels with low neutron thresholds (i.e., 17,18, 21,22

0, Ne)
will have regions of excitation below (and, to a lesser extent, above) the
first charged-particle threshold that decay by emitting a neutron.

For those events in which the heavy—ioﬁ telescope is triggered by
a projectile-like fragment, the efficiency for detecting a sequentially-
emitted proton or alpha particle is dependent on Erel . This efficiency
will obviously become smaller when the breakup sphere is larger than the
array, i.e., for very large relative energies. While the phoswich array
was observed to cover most of the angular distribution associated with
alpha emission (see Figs. 3 and 7), the dependence of efficiency upon
relative energy may strongly distort some features of the Erel spectrum.

To study this, the efficiency, e(Erel), has been determined by
performing Monte Carlo simulations of sequential decay. (The alpha decay
is assumed to be isotropic in this calculation.) The results of these
simulations are presented in Fig. 12 for the primary alpha-transfer channel
leading to 120 + a coincidences. For very small relative energies the
alpha-particle efficiency suffers from shadowing by the heavy-ion
1te1escope, but, due to the compact geometry of the telescope, shadowing
effects are no longer important for Erel > 400 keV. The efficiency is then
almost constant up to Erel 8 5.2 MeV, at which point the breakup sphere’s
dimensions exceed those of the phoswich array and, as a result, the
detection efficiency falls. The influence of the primary angular
distribution upon ﬁhis efficiency profile is, of course, an important
consideration. Simulations were performed using both an isotropic and a
strongly forward-peaked primary distribution, and the resulting efficiency

curves were essentially identical. Therefore, while primary angular
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distributions must be carefully considered when analyzing coincidence data
with typical experimental configurations, the use of a large-solid-angle
system like the phoswich array makes such considerations less critical.

A comparison with the exponentially falling distribution of

excitation in primary 160 shows that the efficiency of the phoswich array
will not.appreciably modify the Erel spectrum. In fact, returning to Fig.
14, the yields of almost all primary channels have dropped considerably for
Erel > 5.2 MeV. Therefore, with the exception of primary 22Ne, the
reconstructed PF excitations will not be changed appreciably by an
efficiency correction.

The Ex(PF) distributions will also be modified by competition with
other decay modes. For example, the low proton-decay threshold in primary
18F means that proton emission will sample part of the total primary
excitation distribution. However, the 14N + a yield was ~ 21 times the 170
+ p yield, showing that the alpha channel is the dominant decay mode of
primary'lsF. Therefore, any modification of the spectral shape is

restricted to the tail of the distribution.

17,18 21,22

The situation is less élear for primary 0 and Ne, where
the importance of neutron decay cannot be assessed experimentally. It thus
becomes necessary to perforﬁ statistical-model calculations to account for-
the neutron competition. This has been done using the statistical-model
code STATIS [15], with transmission coefficients generated from optical-
model calculations. The results of such calculations for primary 22Ne are
shown in Fig. 15, %here ﬁhe branching ratios for alpha and neutron decay,
ra/rtotal and rn/rtotal, are plotted as a function of primary excitation

energy. These calculations show that neutron decay dominates by an order

of magnitude at excitations several MeV above the alpha threshold, with
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neutron emission becoming still more favored at near-threshold excitations
‘because of the Coulomb barrier associated with alpha emission. Thus,
without a correction for neutron emission, the excitations reconstructed
from 180 + a coincidences are not a true representation of the total

primary excitation distribution, in either yield or spectral shape.

V.C. Reconstructed TLF excitations at 220 MeV

The primary excitations in the target-like fragment were
reconstructed event-by-event, subject to assumptions already discussed.
These reconstructed excitations are shown in Fig. 16 for the same
coincidence channels considered in Fig. 14. In this case, the threshold
for particle decay of the primary ejectile does notvlimit the accessible
region of excitation in the TLF.

However, it is still possible that the coincidence reéuirement
imposes a bias on the reconstructed TLF excitations. Consider the
following two scenarios: (1) The total primary excitation, Ex(PF+TLF), is
constant. In this case, the requirement that the PF be excited above
threshold will select a subset of TLF excitations that are smaller than the
mean. (2) The ratio of excitatioms, Ex(PF)/Ex(TLF), is constant. In this
case, the subset of TLF excitations being examined via the coincidence data
is higher than the mean.

To ascertain the effects of a possibie bias, the event—By—event
reconstructions were used to generate contour plots of Ex(PF) vs. Ex(TLF).
These plots are shown in Fig. 17 for the primary 22Ne and 18F channels.
Fig. 17 shows no apparent dependence of the TLF excitation on PF excitation
for the pn-stripping and 2n-pickup channels. Specifically, the average TLF

excitations are unchanged when gated by different PF-excitation bins.
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Furthermore, there is no indication from the observations above threshold
that the average TLF excitations are changing as the PF excitations go sub-
threshold. Based on this, we conclude that there are no strong biases on

TLF excitation imposed by the experimental technique.

V.D. Reconstructed excitations at 341 MeV

The kinematic analysis at 341 MeV proceeds in the same manner as
for 220 MeV. The similarities in the results are perhaps more striking
than the differences. The PF and TLF excitations at 220 and 341 MeV are
compared in Figs. 18 and 19 for the primary 160* channel. The PF (Fig. 18)
is observed to peak at the same Erel at both bombarding energies. An
exponential drop in yield at higher excitations is also common to both
spectra. However, the 341-MeV distribution falls more gradually than does
the one at 220 MeV. It is thus clear that a higher bombarding energy
produces a distribution of excitation energies for the PF that is higher,
even for stripping reactions. This is also borne out by the plastic box
work, which deduced lower survival fractions at 341 MeV than at 220 MeV.

The TLF excitations (Fig. 19), however, show a much stronger
dependence on bombarding energy for the a-stripping channel. The capture
of an alpha particle at 341 MeV results in the population of much higher
excitations in the target-liké fragment than was achieved at 220 MeV.
Thus, in addition to the excitation depending on the mass transferfed (as
seen in Fig. 16), there is an obvious dependence on bombarding emergy, at

least for the nucleus acquiring mass.

VI. Discussion
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The reconstructed TLF excitations at 220 MeV, plotted in Fig. 16,
can be used to ascertain the amount‘of excitation genérated in the target
as a function of mass transfer (or channel). To help interpret these
results, it is instructive to extract the most-probable, or peak, value
from the excitation distributions. These most—qrobable excitations, at
both 220 and 341 MéV, are plotted in Fig. 20 for various channels (denoted
by the associated PF). While the magnitude of the excitations is greater
at the higher bombarding energy, the trends in the data are the same: the
target-like fragment acquires more excitation when it acquires more mass.

For the purposes of making quantitative arguments, we discuss the

18

220-MeV data for four particular channels: primary 160, F, 20Ne, and

22Ne. These primary channels correspond to a strippihg, pn stripping,
inelastic scattering, and 2n pickup, respectively.

The reconstructed PF excitations for these four channels are shown
in Fig. 21 (note the linear scale). Also indicated in the figure is the
position of the lowest alpha-decaying state (or cluster of states) for each
of the primary projectile-like fragments. For the stripping and inelastic
channels, the reconstructed PF excitations peak at thése lowest decaying
states, and drop exponentially towards higher exciﬁations. These
distributions are consistent with a primary distribution that is peaked at
excitations below the alpha-decay threshold.

| Such an inference is, in turn, corroborated by the breakup
probabilities for the primary fragments. More than 96% of the primary 160
yield populated states below the decay threshold of 7.2 MeV, indicating

that the average excitation of primary 160 is much smaller than 7.2 MeV.

Similarly, the survival fractions of 18F and 20Ne are far in excess of 50%,

<
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indicating that these primary fragmehts are also being created cold
(relative to their decay thresholds).

In the case of two-neutron pickup (primary 22Ne), the
reconstructed excitations are populating excitations that are several MeV
beyond the 1oyest alpha-decaying states. The interpretation of this is
complicated, ﬁowever, by the presence of a low neutron-decay threshold in
22Ne, which results in strong competition between neutron and alpha
emission. In principle, the neutron and alpha branching ratios calculated
with the statistical-model code STATIS (Fig. 15) may be used to correct the
reconstructed excitation in Fig. 21(d). However, the large variation in
transmission coefficients in the near-to-threshold region makes the
calculation of ra/rn subject to uncertainty.

A more reliable approach is to work only with that portion of the
180 + a yield arising from excitations in excess of 11.5 MeV, for which the
optical-model-generated transmission coefficients are more certain. In
this case, even excluding the lowest excitations, the predictéd neutron
yield is much larger than the alpha yield. After correcting for this
unobserved neutron yield, the charged-particle survival fraction of primary
22Ne is N 35%, which demonstrates that the 22Ne ejectiles are produced with
average excitations greater than the 9.7-MeV alpha—decgy threshold. This
is in sharp contrast tq the channels shown in Fig. 21(a,b,c), for which
small excitations were deduced. However, it is consistent with the results
of Siwek-Wilczynska et al. [16], in which particle-gamma coincidences
indicated that pickup reactions resulted in highly excited projectile-like
fragments.

In Fig. 22, the reconstructed TLF excitations, deduced from three-

body kinematics, are shown for the same four channels already considered in
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Fig. 21. The excitation acquired by the target-like fragment is correlated
with the amounts of mass and charge transferred to the target. This effect
is well-known from near-barrier transfer studies, and has been successfully
reproduced with optimum-Q-value calculaticns that provide Coulomb-corrected
Q-values.

Such a calculation was outlined by Siemens et al. [17], for
predicting the most-probable Q-values associated with few-nucleon transfer
reactions. The fundamental assumption of this optimum-@-value model is
that, on the average, the transferred nucleons are at rest with respect to
the donor nucleus (or nuclei, for bi-directional transfer). The
calculation can be performed using simple kinematics to account for recoil
effects. The energetics of the transfer process then yields the expression
for the optiﬁum @-value. In the Siemens prescription, the optimum @-value
for a reaction A(a,b)B can be written in the following simplified form

[18]:

E_ - Vc(in)

cm

Q = Vc(out) - Vc(in) - [ n A-m a-n ]

___+m._.._

opt B b

Fin
where n nucleons are transferred from projectile to target and m nucleons
from target to projectile. Here, Bsin is the entrance-channel reauced mass.
The exit- and entrance-channel Coulomb potentialé at contact, Vc(out) and
Vc(in), are evaluated using a radius parameter ro = 1.4 fm. The total
excitation energy is then given by |

Ex(total) = Qgg - Qopt .

This calculated total available excitation energy is indicated in
'Fig. 22 (arrows). The TLF excitations for the stripping and inelastic

channels account for almost all of this available excitation. By contrast,

the target-like fragment produced in two-neutron pickup acquires a small
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portion of the total excitation energy. (Conversely, recall that the
primary 22Ne ejectiles were produced at relatively high excitations.)

These results clearly show that nucleon transfer is the most
important mechanism for.generating excitation energy in the peripheral
reactions studied in the present work. Moreover, the division of
excitatién energy between the projectile-like and target-like fragments
indicates that the partition of excitation is governed by the direction of
the mass transfer. To first approximation, the fragment that is donating
mass remains cold while the recipient nucleus acquires excitation. The
short interaction times associated with these peripheral reactions cause
the observed division of excitation to be frozen at this mass-transfer
partition. Unlike the more highly damped reactions studied with heavier
projectiles [19-23], there is apparently not enough time for a
redistribution of the excitation energy (e.g., towards thermalization).
Thus, the data presented in this work represent reaction mechanisms at the
earliest stages of the dissipation process.

It is interesting to consider the above results in light of the
observation of non-equilibrium excitation-energy sharing in partially-
damped reactions of heavier projectiles [24,25]. The almost-equal
partitions observed in these recent studies are predicted by transpdrt-
model calculations of nucleon exchange [26], and arise from the equal flux
of nucleons to and from the projectile at the initial stage of the
reaction. The preseﬁt work, which focuses on excitation partition as a
function of mass transfer rather than Q-value, shows unambiguously that
nucleon exchange is responsible for the generation and partition of
excitation energy. While the collision geémetry and interaction time of

the reactions studied in the present work tend to suppress transport
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processes [27], it nevertheless provides support for:the underlying ansati
of the transport model. Similar results have been‘feported for the
ﬁértition of excitatioﬁ in few-nucleon transfer feactions induced b&'much '
heavier projectiles [28].

The strong correlation between mass transfer and excitation
generation suggests that the Siemens optimum-@-value ﬁodel, which was used
to predict most-probable total excitations, may be extended to predict the
primary excitations in each of the outgoing fragments as well. We have
made this extension by employing the following ansatz: the primary

fragments acquire a fraction of the total available excitation energy in

proportion to the number of nucleons captured. Such a captured-mass-ratio

sharing leads to the following relations:

m v

Ex(PF) = en Ex(total) , and
_ _n

Ex(TLF) = = Ex(total)

Here, the total excitation is deduced from qopt’ with m and n denoting the
nucleons transferred in both directions.

The results of such calculations are shown in Fig. 23, for the
mést—probable TLF excitations measured at 220 MeV bombarding energy. While
the model deals with the total, or gross number of transferred nucleons,
the experimental yields are in terms of the net transfer of mass. However,
since the interaction times are relatively short, a first approximation is
to assume that the net and gross transfers are one.and the same. This then
leads to the calculated most-probable TLF excitations, indicated by the
open circles in Fig. 23. For the inelastic and pickup channels, zero
excitation is, of course, a trivial result; however, it is also in general
agreement with the reconstructed excitations. Good agreement is also

18,19

obtained for F and, in particular, 160.
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17,18

The discrepancy between calculation and experiment for 0,

however, is serious enough to suggest that another mechanism is generating
the observed excitations. Such a mechanism might be a complex (bi-
directional) mass flow, in which an alpha particle is transferred to the

target, along with one- and two-neutron pickup to the projectile for 17

18

0
and "0, respectively. If such a process is used in the calculation of

target excitation (open squares), agreement is obtained.

17’180 channels is

The use of a complex process for the primary
physically meaningful. It has been noted by Homeyer et al. [29] that the
experimental ejectile yields can be predicted by a cluster-stripping model
if the stripping is accompanied by a strong neutron-pickup mechanism. For
alpha-cluster nuclei such as 20Ne, the alpha-stripping cross section is
demonstrably large. Furthermore, the neutron-pickup cross section is known
to be quite large when neutron-excess targets are used. Therefore, the

importance of bi-directional transfer in the pfoduction of primary 17,18

0
may be comparable to the uni-directional component. It should be
emphasized that the coincidence data used in the present work examines that
subset of the primary yield feSulting in ejectiles excited above threshold.
Thus, the coincidence data might be expected to be more sensitive to the

17,18

bi-directional component of the 0 yield.

A similar analysis of TLF excitations has been performed at 341
MeV, and is shown in Fig. 24. In general, the agreement is not as good as
at the lower bombarding energy. In particular, there are large

discrepancies between calculated and reconstructed TLF excitations for the:

22 d 16,17,18 17,18
r

primary “ Ne an 0 channels. Fo 0, this discrepancy is not

removed by a bi-directional calculation.
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The apparently large TLF excitation at 341 MeV for two-neutron
pickup to the projectile may represent the breakdown of the assumption that

sequential decay leaves the PLF in its ground state. For 22

Ne, the
survival fraction at 220 MeV indicated that large excitations were
populated in the PF. Such excitations ought to be even larger at the
higher bombarding energy, at which point alpha decays to excited states in
180 would have large branching ratios. An excited 180 PLF would cause the
kinematic reconstructions to underestimate the excitation in primary 22Ne.
Conversely, the reconstructed TLF excitation would be enhanced.

The primary 17,18

0 channels suggest that the bi-directional
transfer is not properly treated. The simple calculations performed for
bi-directional channels are consistent with a cold donor nucleus; however,
other algorithms consistent with this could be tried. For example, the bi-
directional transfer could be treated by two separate uni-directional
calculations, with the recipient nucleus acquiring the full excitation of
each step. Unfortunately, the time ordering of the steps (e.g., an or na)
must be specified, since different excitations are obtained. 1In pfactice,
however, either ordering gives roughly the same excitations as derived from
the "simultaneous" process already considered.

The results at 341 MeV for primary oxygen may be interpreted two
ways. One possibility is that the targeﬁ—like fragments associated with
primary oxygen are acquiring additional excitation through a process not
incorporated in the simple Q-value calculations, such as collective
excitations. Another possibility is that the exit channels are no longer
three-body but that an additional, undetected particle from the projectile-

~ like fragment is present, causing the three-body kinematics to reconstruct

erroneously large TLF excitations. The latter case could correspond to the
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presence of non-statistical (or non-equilibrium) neutrons in the transfer
channels. In this case, the results of Petit et al. [30] on neutron
emission are relevant. For reactions leading to projectile-like fragments,
no non-equilibrium neutrons were observed for reactions induced by 9- or
12-MeV/nucleon 2oNe beanms. Hdwever, a non-statistical yield was observed
with 16-MeV/nucleon 120 beams. Therefore, fast neutrons might be the cause
of the anomaly observed in the present work at 17 MeV/nucleon.

If neutrons are emitted at the time of contact and with the
velocity of the projectile at contact, the fast neutrons should have about
12 MeV of kinetic energy. Therefore, the presence of an additional neutron

in the primary 16,17,18

0 channels would remove the existing discrepancies
between calculated and reconstructed excitations. More experiments will
have to be performed before this interpretation can be properly tested.
However, it suggests that the present experimental technique used to

determine primary excitation may be limited to bombarding energies not

greatly in excess of 11 MeV/nucleon.

VII. Summary and Conclusions

Breakup reactions induced by inelastic scattering and nucleon
transfer have been studied by performing coincidence measurements between
projectile-like fragments and light charged fragments (protons or alpha

20 197 20

particles). The “"Ne + Ne bombarding

Au system was examined at
energies of 220 and 341 MeV (11 and 17 MeV/nucleon).

Projectile-like fragments were detected in 2 small-solid-angle
telescope positioned slightly forward of the classical grazing angles of

the two bombarding energies. Light fragments were registered in a large-

solid-angle phoswich array [10,11], which provided position, energy, and
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multiplicity information. At 220 MeV, the very high efficiency for
observing sequentially-emitted light fragments made it possible to measure
the yield of primary fragments produced in charged—particle-bound states.

At both bombarding energies, the multiﬁlicity of light charggd
particles associated with sequential ejectile decay was low: usually no
more than one proton or alpha particle in coincidence with fragment§
lighter than the beam. This result is in agreement with earlier 47
measurements [9]. In turn, the coincidence yield is dominated by alpha
particles, which suggests relatively low primary excitations. At 341 MeV,
however, proton decay becomes relatively more important, indicating that
ejectile excitations are correspondingly higher. There are also
indications at 220 MeV that projectile-like fragments emitted near the
grazing angle are cooler than fragments emitted at more forward angles. In
general, however, reconstructed yields show that transfer of mass to the
target results in primary projectile-like fragments that are usually
excited below the particle-decay threshold.

The coincidence data were also used to make kinematic
reconstructions of specific transfer channels corresponding to few-nucleon
stripping and pickup, as well as inelastic scattering. These kinematic
reconstructions of excitations in the primary projectile-like and targeﬁ-
like fragments assumed the sequential decay of an excited projectile-like
fragment, resulting in a three-body channel with both detected fragments
left in their ground states. Reconstructed excitations indicated that
these assumptiéns were, on average, satisfied.

At 220 MeV, the deduced breakup probabilities were very low for
stripping and inelastic channels. These results were supported by the

excitation distributions, which were peaked at the lowest particle-decaying
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state, in accord with small average excitations. However, the pickup

22Ne) had much larger breakup probabilities and indicated

channels (e.g.,
highly excited primary fragments. The target-like fragments showed a
complimentary behavior. The sfripping channels resulted in large target
excitations, while the pickup reactions produced relatively cold target
recoils.

Quantitative comparisons were made with excitations predicted by
the optimum-Q-value model of Siemens et al. [17]. Fof stripping channels,
the most-probable target-like excitations were well-reproduced by the
calculation, indicating that the target recoil was acquiring essentially
all of the available excitation (in accord with the low ejectile
excitations observed). On the other hand, the target-like fragments
associated with projectile pickup were much colder than the predicted total
excitations, with the balance of the excitation apparently going into the
projectile-like fragment, again in accord with the high excitations
observed for the pickup products.

Such results demonstrated that, in these peripheral collisions,
the excitation is generated by the transfer of nucleons and, moreover, the
par@ition is governed by the direction of the mass flow. This observed
partition suggested an extension of the Siemens optimum-@-value model,
whereby the excitation of each of the primary fragments may be predicted
using the ansatz that the Qopt-predicted total excitation is shared in the
ratio of the captured mass. This algorithm predicted primary excitations
in qualitative and quantitative agreement with the reconstructed
projectile-like ana target-like excitations, respectively. A discrepancy

17

for the primary ~'0 and 180 channels could be removed only by employing a

bi-directional transfer process in the Q-value calculation. This is
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believed to signify the importance of neutron pickﬁp in alpha-stripping
reactions, and suggests that breakup studies are particularly sensitive to
the bi-directional component in transfer yielas.

A similar analysis of primary excitations could be made at 341
MeV, even though the phoswich array missed a portion of the breakup sphere.
The target-like fragments showed the same trends observed at 220 MeV:
large excitations when mass was captured, and small excitations when mass
was lost to the projectile. The agreement between observed excitations and
predicted excitations was not as good as at the lower bombarding energy,
with the oxygen isotopes having higher apparent excitations than predicted
by the extended Siemens model. This discrepancy might be due to the
presence of pre-equilibrium neutrons, or the statistical emission of
neutrons by the primary or secondary projectile-like fragment, which would
invalidate the use of three-body kinematics in the analysis. An extension
of the presenﬁ study to higher bombarding energies, while of great physical
interest, may thus suffer from an extensive contamination of the three-body

events by four-body final states.
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~ Table Captions

. Ratio of alpha particles to protons detected in coincidence with

projectile-like fragments of charge Z. The PLF angles at. 220 and 341

MeV were 28° and 16°, respectively.

The ratio of M=0 to inclusive yields for projectile—like'fragmenﬁs of
charge Z, produced at 220 MeV bombarding energy. The 289 data are

from the present work; the 15° data are from an earlier 47 study

(9]
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Figure Captions

The experimental setup at 220-MeV bombarding enéfgy’is illusﬁfated.
The phoswich array is centered behind a. heavy-ion telescope; with a
second telescope positioned symmetrically on the opposite side of the
beam. At 341 MeV, the heavy-ion telescopes were positiohed at |

smaller angles ( * 160).

The multiplicity of light charged particles at 220 MeV is plotted as
a function of the charge of the coincident projectile-like fragment.
The M=1 yield is decomposed into proton and alpha components, with

higher multiplicities also indicated.

The distribution of alpha particles obserfed at 220 MeV in the eight
segments of the phoswich array is shown for yields in coincidence
with different projectile-like fragments. The asymmetry, A, of the
distribution'represénts the ratio of élpha particles in segments 1-4
to segments 5-8. Also indicated is the positién.of the heavy—ion'
telescope. The in-plane anglé of the center of each segment may be

determined from the top scale.

The distribution of alpha particles observed at 341 MeV in thé eight
segments of the phoéwich array is shown for yields in coincidence
with different projectile-like fragments; Also shown are the
distribution of alpha particles in the "virtual" phoswich array,
corresponding to coincidences between phoswich and opposite-side

telescope. The position of the same-side heavy-ion telescope is
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indicated by the arrow. The in-plane angle of the center of each

segment may be determined from the top scale.

The differential survival fraction is represented by the M=0/Primary
ratios evaluated at the indicated secondary angles. Results are
plotted as a function of primary charge, and are derived from the
present work (28°) as well as the earlier 47 work [9] (15,20°). The
fractions for primary carbon are artificially enhanced because the
alpha decay of primary 120 leads to three alpha particles in the exit

channel.

The x-y distribution of alpha particles detected in the phoswich

array is shown for the inelastic breakup of 20Ne at 220 MeV. The x-

coordinate is obtained by randomizing across the width of a phoswich
segment. The resulting pattern shows a structure characteristic of

sequential decay.

The sequential breakup of 20Ne at 220 MeV is demonstrated by a plot
of energy vs. position for alpha particles detected in each of the
eight phoswich segments. This representation is an experimental

"slicing" of the breakup sphere.

The breakup sphere associated with the sequential decay of 20Ne is
illustrated. The resulting secondary fragments are detected by the

heavy-ion telescope and phoswich array, as shown.
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i

The energy spectra of coincident alpha particles and 160_fragments
are shown at 341 MeV. The heavy ion was detected at 16°, with the
coincident alpha particles registered in the phoswich array. The

spectra are peaked at energies near beam velocity.

The 160—a coincidence yield at 341 MeV, represented by the
distribution of relative-velocity vectors. 0Only alpha particles
detected in phoswich segment #2 are shown, with the vector decomposed
into components pafallel and perpendicular to the segment. The
shadowing of the phoswich by the heavy-ion telescope is observed at

small perpendicular velocities.

The energy spectrum of 20Ne, detected at 280, is shown for those

events in coincidence with a fast proton. The elastic peak

" corresponds to random coincidences, while the structure at lower

energies arises from true coincidences.

The spectrum.of.relative kinetic energy between coincident 120 and
alpha particles is shown. The energy scale is shifted by the
separation energy, to correspond to éxcitation in primary 160. The
shaded region extending up to the alpha-decay threshold represents
the yield of primary 160 pfoduced in particle-bound states. Arrows
indicate the positions of the proton and neutron thresholds. Also
displayed are results from a Monte Carlo calculation of the detection
efficiency for alpha-particles emitted in coincidence with a detected
C ejectile, as a function of the relative kinetic energy between

the secondary fragments.
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The spectrum of relative kinetic energy between coincident 130 and
'alpha particles is shown. The energy scale is shifted by the
separatibn.energy, to correspond to excitation in primary‘170. The
shaded region extending up to the neutron-decay threshold represents
the yield of primary 170 produced in particle-bound states. Arrows
also indicate the positions of the proton and alpha thresholds, as

well as the threshold for sequential an emission.

The reconstructed primary excitation distributions are plotted for
eight different channels, ranging from two-neutron pickup to alpha
stripping. Reconstructions were made from the relative-energy

spectra derived from alpha emission. The shaded regions represent

the particle-bound yields.

The branching ratios for neutron and alpha decay of 22Ne are plotted
as a function of excitation energy. Calculations were performed with
the statistical-model code STATIS [15], and employed transmission

coefficients derived from optical-model calculations.

The three-body Q-value sﬁectra derived from kinematic reconstructions
of coincidence data are shown for eight different primary binary
channels, ranging from two-neutron pickup to alpha stripping. The
energy scale is shifted by the ground-state Q-value, to correspond to

excitations in the primary target-like fragments.
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Contour plots of reconstructed projectile-like vs. target-like

excitation energies are shown for two specific primary channels,

corresponding to pn stripping and 2n pickup. Reconstructions were
performed from the coincident alpha events. The position of the
alpha-decay threshold in the projectile-like fragment is indicated by

the thin solid line.

The excitation-energy distribution in primary 160* is compared at

bombarding energies of 220 and 341 MeV. The relative-energy spectra
deduced from 120-0 coincidences are shifted by the separation energy
(dashed line), and the position of the lowest alpha-decaying state is

indicated by the arrow.

The TLF excitation-energy distributions for the primary 160* channel
are compared for bombarding energies of 220 and 341 MeV. The Q-value
spectra deduced from 120-0 coincidences are shifted by the ground-

state Q-value.

Most-probable TLF excitations, as deduced from three-body kinematic
reconstructions, are shown at both bombarding energies. The primary

channels are specified by the associated PF.

Reconstructed PF excitations at 220 MeV deduced from a-PLF
coincidences via the relation E_(PF) = E + S . The channels

X rel a
shown are (a) a stripping, (b) pn stripping, (c) inelastic
scattering, and (d) 2n pickup. Particle-bound yields below threshold

(dashed line) are represented as fractions of the reconstructed
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primary yields. Arrows indicate the positions of the first state (or

cluster of sﬁates) above threshold.

Reconstructed TLF excitations at 220 MeV deduced from a-PLF

coincidences. Calculations employ three-body kinematics to evaluate

Q3 in the relation Ex(TLF) = Qggg - Q3 . ?he primary channels are as
in Fig. 21. Arrows indicate the total excitations predicted by the

model of Siemens et al. [17].

Comparison of experimental TLF excitation energies (ﬁost—probable

values) obtained at 220 MeV with calculations based on optimum Q-

values. The open circles and squares represent calculations assuming

uni-directional and bi-directional mass transfer, respectively.

Comparison of experimental TLF excitation energies (most-probable
values) obtained at 341 MeV with calculations based on optimum §-
values. The open circles and squares represent calculations assuming

uni-directional and bi-directional mass transfer, respectively.
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a/p ratios

220 MeV

13.0 +
10.4 +
11.2 +
8.1 +
24,1 +
13.1 +

0.21 ¢

Table 1

3.1

2.1

1.5

0.4

1.5

0.4

0.04

341 MeV

3.41 £ 0,19
2,37 + 0.20
2.82 + 0.18
2.14 £ 0,07
3.96 + 0,16
3.63 + 0.09
0.36 + 0.02
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R(Zpps®pLr) = 9M=0/%inclusive

PLF R (85 p=28") R (85 p=15")
3 0.86 -

4 0.83 0.59

5 0.80 . 0.57

6 0.73 0.54

7 0.63 . 0.65

8 - 0.77 0.81

9 0.99 0.95

Table 2
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